Solar flare X-ray polarimetry by Novick, R. & Chanan, G. A.
E 
I 
// ,A"' - 2 2 - CAL-1622 
273-5 4 
FINAL SCIENTIFIC REPORT 
TITLE OF RESEARCH: 
NAGU 5aa 
Solar F l a r e  X-ray P o l a r i m e t r y  
PERIOD OF RESEARCH: 
April  1, 1984 t o  September 30, 1986 
SUBMITTED TO: 
National Aeronautics and Space Administration Headquarters 
Solar and Heliosperic Physics Off ice  
Washington, DC 20546 
PREPARED BY: 
Department of Physics 
University of California 
Irvine,  Clalfornia 92717 
and 
Columbia Astrophysics Laboratory 
Departments of Astronomy and Physics 
Columbia University 
538 West 120th Street 
New York, NY 10027 
PRINCIPAL INVESTIGATOR: 
G. A. Chanan 
Associate Professor of Physics 
University of Cal i fornia ,  I rv ine  
C(+INVESTIGATOP-: 
R. Novick 
Professor of Physics 
Columbia University 
October 1986 
(NASA-Ci i -179899)  SCLBE F L A R E  X - H A Y  Ne7-12523 
P C L A R I E E ? B Y  F i n a l  Sc i ent i f i c  EeFort, 1 Apr. 
IS84 - 30  s e p .  19E6 { C a l i f o r r i a  U L i v . )  36 p 
csci  03B U n c l a s  




A s  described in the original proposal (CAL-1529, January 
1984) this grant was for the support of a preliminary design 
study for an instrument to be used to measure the X-ray 
polarization of solar flares during the maximum of next solar 




3 .  
We 
we 
this design; these were: 
to improve the sensitivity of the instrument over that of the 
oss-1 polarimeter by a factor of 3 or 4 (at 15 keV), 
to extend the energy range of the instrument substantially 
beyond 20 keV, the effective upper limit of the OSS-1 polari- 
meter, and 
to demonstrate that the lithium contamination problem 
experienced with the OSS-1 experiment has been overcome. 
have in fact attained each of these goals. In the following 
first review the motivation for high quality solar flare X-ray 
polarization measurements in general and for the goals 1 and 2 
above in particular. We then describe the design of the proposed 
instrument and discuss the sensitivity and energy response. 
Fianlly we describe laboratory work which demonstrates that the 
earlier lithium contamination problem has been solved (goal 3 )  . 
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11. H i s t o r y  and M o t i v a t i o n  
The  i d e a  t h a t  X-ray e m i s s i o n  from s o l a r  f l a r e s  m i g h t  be 
l i n e a r l y  p o l a r i z e d  and t h a t  p o l a r i z a t i o n  measurements  c o u l d  
therefore  p r o v i d e  a s t r o n g  f l a r e  d i a g n o s t i c  was f i r s t  d i s c u s s e d  
by Korchak (1967)  and E l w e r t  (1968)  . S u b s e q u e n t  t h e o r e t i c a l  
i n v e s t i g a t i o n s  ( E l w e r t  and Haug 1970 ,  1971;  Haug 1972;  Brown 
1972;  Henoux 1975;  Langer  and  P e t r o s i a n  1977; B a i  and Ramaty 
1978;  E m s l i e  and Brown 1 9 8 0 )  have r e s u l t e d  i n  p o l a r i z a t i o n  
p r e d i c t i o n s  f o r  a v a r i e t y  of models .  The two broad classes o f  
mode l s ,  t h e r m a l  and non- the rma l ,  d i f f e r  s i g n i f i c a n t l y  i n  t h e i r  
p o l a r i z a t i o n  p r e d i c t i o n s :  t h e  t h e r m a l  models  predict  
p o l a r i z a t i o n s  of a t  most a few p e r c e n t  (Henoux 1975,  E m s l i e  and 
Brown 1980)  due t o  s c a t t e r i n g  i n  t h e  p h o t o s p h e r e .  The beamed o r  
l i n e a r  b r e m s s t r a h l u n g  mode l s ,  on t h e  o t h e r  hand p r e d i c t  s t r o n g l y  
p o l a r i z e d  e m i s s i o n  (-10%) . 
The two models a l s o  pred ic t  d i f f e r e n t  d i r e c t i v i t i e s ,  w i t h  
t h e  non- the rma l  models  t e n d i n g  t o  g i v e  a n i s t r o p i c  d i s t r i b u t i o n s  
( E l w e r t  and Haug 1970,  1 9 7 1 ) ,  a l t h o u g h  t h e  i n t r i n s i c  e f f e c t  is 
s u b s t a n t i a l l y  reduced by p h o t o s p h e r i c  b a c k s c a t t e r i n g  ( B a i  and 
Ramaty 197 '8) .  S t e r e o s c o p i c  o b s e r v a t i o n s  by Kane e t  a l .  ( 1 9 8 0 )  
p u t  l i m i t s  on t h e  a n i s t r o p y  and t e n d  t o  f a v o r  t h e  t h e r m a l  m o d e l s ,  
b u t  a r e  t h u s  f a r  n o t  c o n c l u s i v e .  R e c e n t  gamma r a y  o b s e r v a t i o n s  
from SMM show t h a t  a b o v e  300 keV more f l a r e s  are  o b s e r v e d  a t  t h e  
l i m b  of t h e  s o l a r  d i s k  t h a n  a t  t h e  c e n t e r  ( R i e g e r  e t  a l .  1983 ,  
V e s t r a n d  1 9 8 5 ) .  D e r m e r  and Ramaty (1986)  h a v e  a t t r i b u t e d  t h i s  
e f f e c t  t o  t h e  beaming of  e l e c t r o n s  p a r a l l e l  t o  t h e  s u r f a c e  of  t h e  
sun .  I t  is i m p o r t a n t  t o  r e c o g n i z e  t h a t  t h e  o b s e r v a t i o n s  of 
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photon beaming directly imply non-vanishing polarization. The 
beaming observations that have been made to date are purely 
statistical in nature. They require one to compare the photon 
fluxes from different solar flares; since no two flares are the 
same this is a very suspect procedure. Polarimetric observations 
would provide direct evidence for electron beaming within a 
particular flare without recourse to comparing data from 
different flares . 
The pioneering observational work in solar X-ray polarimetry 
was done in a series of satellite experiments by Tindo and his 
collaborators in the Soviet Union (Tindo et al. 1972a, 1972b; 
Tindo, Mandel'stam, and Shuryghin 1973; Tindo, Shuryghin, and 
Steffen 1976). Initial results showed high levels of 
polarization (up to 409), although of rather low statistical 
significance, and these were generally interpreted as evidence 
for strong beaming of the electrons. These results are shown in 
Figure 1 where they are compared to the theoretical calculations 
of Bai and Ramaty (1978). The results of the polarimeter flown 
by the Columbia Astrophysics Laboratory as part of the OSS-1 
payload on the Space Shuttle mission STS-3 by contrast showed 
very low levels of polarization - no more than a few percent 
(Tramiel, Chanan, and Novick 1984). At the same time but 
independent of the observational work, Leach and Petrosian (1983) 
showed that the h i g h  levels of polarization in tne Tindo resuits 
were difficult to understand theoretically, since the electron 
beam is isotropized on an energy loss timescale - an effect which 
substantially reduces the expected levels of polarization, 
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a l t h o u g h  n o t  t o  z e r o .  T h e s e  l a t t e r  r e s u l t s  a re  a l s o  shown i n  
F i g u r e  1. I n  F i g u r e  2 w e  compare t h e  OSS-1 r e s u l t s  t o  t h e  
c a l c u l a t i o n s  of b o t h  B a i  and Ramaty and Leach and P e t r o s i a n .  
T h e s e  r e s u l t s  a r e  c o n s i d e r a b l y  below t h o s e  of T indo  and  a l l  o f  
t h e  t h e o r e t i c a l  results.  As n o t e d  on F i g u r e  2 o n e  of  t h e  OSS-1 
e v e n t s  was i m p u l s i v e  i n  n a t u r e .  A s u b s e q u e n t  c o m p a r i s o n  by 
Leach, E m s l i e ,  and  P e t r o s i a n  (1985) t o  t h e  ( i m p u l s i v e  p h a s e )  
oss-1 r e s u l t  and t h e  above  t h e o r e t i c a l  t r e a t m e n t  shows t h a t  t h e  
f o r m e r  a r e  c o n s i s t e n t  w i t h  s e v e r a l  c u r r e n t  models  (see F i g u r e  3) 
and t h a t  a ' f a c t o r  of -3 improvement i n  s e n s i t i v i t y  is needed  t o  
d i s t i n g u i s h  p r o p e r l y  among t h e  p o s s i b i l i t i e s .  I n  a d d i t i o n ,  t h e r e  
is r e a s o n  t o  e x p e c t  s t r o n g e r  p o l a r i z a t i o n  e f f e c t s  a t  h i g h e r  
e n e r g i e s :  a l t h o u g h  t h e  p r e d i c t e d  p o l a r i z a t i o n  c u r v e s  o f  Leach and 
P e t r o s i a n  (1983) are  o n l y  weak ly  e n e r g y  d e p e n d e n t  ( u p  t o  a t  l e a s t  
100 k e V ) ,  there may be a s t r o n g  a d m i x t u r e  of t h e r m a l  X-rays a t  
t h e  e n e r g i e s  s e e n  by t h e  OSS-1 i n s t r u m e n t  (5-20 k e V ,  b u t  
p r e d o m i n a n t l y  be low 10 deV) .  As Leach,  E m s l i e ,  and P e t r o s i a n  
(1985)  stress, t h i s  t h e r m a l  " c o n t a m i n a t i o n "  w i l l  t e n d  t o  r e d u c e  
t h e  o b s e r v e d  p o l a r i z a t i o n ,  b u t  t h e  e f f e c t  s h o u l d  d e c r e a s e  s h a r p l y  
w i t h  i n c r e a s i n g  e n e r g y  (see a l s o  E m s l i e  and  V l a h o s  1980), so. t h a t  
t h e  need f o r  h i g h e r  e n e r g y  o b s e r v a t i o n s  is clear .  C l e a r l y  better 
p o l a r i m e t r i c  o b s e r v a t i o n s  are needed ,  p a r t i c u l a r l y  a t  h i g h  
e n e r g i e s  where  t h e r m a l  e f f e c t s  a r e  u n i m p o r t a n t .  I n  t h e  n e x t  
s e c t i o n  w e  d e s c r i b e  a new p o l a r i m e t e r ,  d e s i g n e d  u n d e r  t h e  c u r r e n t  
g r a n t  and i n t e n d e d  t o  answer  t h e  o u t s t a n d i n g  q u e s t i o n s  r e g a r d i n g  
e l e c t r o n  beaming and s c a t t e r i n g  i n  s o l a r  f l a r e s .  
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111. The P roposed  I n s t r u m e n t  
The p r e v i o u s  (OSS-1)  i n s t r u m e n t  (Lemen e t  a l .  1 9 8 2 )  e x -  
p l o i t e d  t h e  p o l a r i z a t i o n  dependence  of  Thomson s c a t t e r i n g .  The 
t a r g e t s  (whose d i m e n s i o n s  a r e  set  by t h e  r e l e v a n t  s c a t t e r i n g  
l e n g t h )  were 12  r e c t a n g u l a r  b l o c k s  of  m e t a l l i c  l i t h i u m ,  m o n i t o r e d  
on two of t h e  f o u r  sides by x e n o n - f i l l e d  p r o p o r t i o n a l  c o u n t e r s ;  
there were t h u s  e f f e c t i v e l y  s i x  t a r g e t s .  The low e n e r g y  
t h r e s h o l d  w a s  se t  a t  -5 k e V  b y  p h o t o e l e c t r i c  l o s s e s  i n  t h e  
l i t h i u m ,  t h e  h i g h  e n e r g y  c u t o f f  by  t h e  t r a n s p a r e n c y  of  t h e  
p r o p o r t i o n a l  c o u n t e r s  a t  -20 keV. W e  now p r o p o s e  t o  u s e  p l a s t i c  
s c i n t i l l a t o r  (composed m a i n l y  of c a r b o n )  i n  p l a c e  of  t h e  l i t h i u m  
t a r g e t s .  T h i s  w i l l  ra ise  t h e  low e n e r g y  t h r e s h o l d  t o  -10 keV. 
Below t h i s  e n e r g y  t h e  X-rays a r e  l a r g e l y  t h e r m a l  s o  t h e  r e d u c e d  
low e n e r g y  r e s p o n s e  is i n c o n s e q u e n t i a l .  The xenon c o u n t e r s  w i l l  
i n  t u r n  be r e p l a c e d  by sodium i o d i d e  d e t e c t o r s  [ N a I ( T A ) ] ;  t h i s  
w i l l  e x t e n d  t h e  h i g h  e n e r g y  r e s p o n s e  upward by a f a c t o r  of  5 t o  
100  keV. 
A f u n d a m e n t a l  improvement  i n  background  r e j e c t i o n  w i l l  
r e s u l t  f rom u s i n g  t h e  c a r b o n  t a r g e t  i n  t h e  form o f  p l a s t i c  
s c i n t i l l a t o r  . A s u f f i c i e n t l y  h igh  e n e r g y  p h o t o n  w h i c h  i n t e r a c t s  
i n  t h e  t a r g e t  w i l l  g i v e  r i s e  t o  a Compton e l e c t r o n  whch c a n  be 
d e t e c t e d  b y  a p h o t o m u l t i p l i e r  t u b e  which m o n i t o r s  t h e  o p t i c a l  
o u t p u t  of  t h e  t a r g e t  f rom below. T h i s  c a n  t h e n  be used  a s  a 
t r i g g e r  f o r  t h e  a c c e p t a n c e  o f  e v e n t s  i n  t h e  N a I ( T R )  d e t e c t o r s .  
A l though  t h e  e x a c t  v a l u e  of  t h e  Compton t h r e s h o l d  ( e s t i m a t e d  t o  
be -40  keV)  is somewhat u n c e r t a i n ,  t h e  u l t i m a t e  p e r f o r m a n c e  o f  
t h e  i n s t r u m e n t  is n o t  v e r y  s e n s i t i v e  t o  t h e  p r e c i s e  v a l u e .  T h e  
r e a s o n  is t h a t  a t  e n e r g i e s  which are low enough f o r  t h e  d e t e c t i o n  
c 
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of  t h e  Compton e l e c t r o n  t o  be d i f f i c u l t ,  t h e  s o u r c e  f l u x e s  a r e  
h i g h  enough t h a t  t h e  background is s i m p l y  n o t  a problem ( t h i s  was 
i n  f a c t  t h e  case w i t h  t h e  OSS-1 p o l a r i m e t e r ) .  C o n v e r s e l y ,  a t  
e n e r g i e s  which are s u f f i c i e n t l y  h i g h  t h a t  good background  
r e j e c t i o n  is e s s e n t i a l  ( b e c a u s e  of  t h e  low f l u x e s ) ,  t h e  Compton 
e l e c t r o n  w i l l  h a v e  enough e n e r g y  t h a t  i t  w i l l  be  r e l a t i v e l y  e a s y  
t o  d e t e c t .  I n  f a c t  s i n c e  b o t h  t a r g e t  and d e t e c t o r  e v e n t s  w i l l  be 
r e c o r d e d  i n  f l i g h t ,  t h e  p r e c i s e  v a l u e  of  t h e  Compton t h r e s h o l d  
c a n  be c h o s e n  p o s t - f l i g h t  t o  o p t i m i z e  t h e  p o l a r i z a t i o n  r e s p o n s e .  
B e c a u s e  t h e  NaI ( T R )  d e t e c t o r s  are r e l a t i v e l y  compac t ,  a 
l a r g e  number of t a r g e t / d e t e c t o r  assemblies c a n  b e  packed  i n t o  a 
r e l a t i v e l y  small s p a c e .  W e  f u r t h e r  p l a n  t o  a d o p t  a h e x a g o n a l  
g e o m e t r y  (as  opposed  t o  t h e  s q u a r e  g e o m e t r y  used  on OSS-1) ;  t h i s  
r e s u l t s  i n  a n  improved m o d u l a t i o n  f a c t o r  which i n  t u r n  r e s u l t s  i n  
h i g h e r  s e n s i t i v i t y  and r e d u c e d  v u l n e r a b i l i t y  t o  s y s t e m a t i c  
e f f e c t s .  C u r r e n t  p l a n s  are for a n  a r r a y  o f  37 t a r g e t s  e a c h  
s u r r o u n d e d  b y  6 d e t e c t o r s  ( t h e  l a t t e r  s h a r e d  by 2 t a r g e t s ,  except 
on  t h e  p e r i p h e r y )  (see F i g u r e s  4 ,  5, and 6 ) .  Such a n  a r r a y  would 
be 28 i n .  i n  d i a m e t e r .  
The p h o t o n  c o l l e c t i o n  e f f i c i e n c y  of t h i s  d e v i c e  h a s  been  
c a l c u l a t e d  by a s e m i - a n a l y t i c  a p p r o x i m a t i o n  and is  p l o t t e d  i n  
F i g u r e  7 .  A t  1 5  k e V ,  a b o u t  1 6 %  of  t h e  i n c i d e n t  p h o t o n s  are 
d e t e c t e d ,  compared t o  11% a.t t h i s  e n e r g y  for t h e  OSS-1  
e x p e r i m e n t .  T h i s  d i f f e r e n c e  is d u e  p r i n c i p a l l y  t o  t h e  d e t e c t o r s ;  
t h e  xenon c o u n t e r s  are a l r e a d y  becoming t r a n s p a r e n t  a t  t h i s  
r e l a t i v e l y  low e n e r g y .  The m o d u l a t i o n  f a c t o r  f o r  t h e  h e x a g o n a l  
g e o m e t r y  can  be shown t o  be a p p r o x i m a t e l y  3J’s/4x = 0 .414  a s  
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compared t o  l/x = 0.318 f o r  a square geomet ry .  T h e  o v e r a l l  
s e n s i t i v i t y  is p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of  b o t h  t h e  p h o t o n  
c o l l e c t i o n  e f f i c i e n c y  and  t h e  number of  s c a t t e r i n g  t a r g e t s  and  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  m o d u l a t i o n  f a c t o r .  T h e  c u r r e n t  
d e s i g n  t h e r e f o r e  r e p r e s e n t s  a n  improvement i n  s e n s i t i v i t y  ( a t  15  
k e V )  of a f a c t o r  of 
o v e r  t h e  OSS-1 e x p e r i m e n t .  As n o t e d  above ,  i n  a d d i t i o n ,  t h e  
e n e r g y  r a n g e  h a s  been  e x t e n d e d  upward by a f a c t o r  o f  5. The 
e n t i r e  p o l a r i m e t e r  a s s e m b l y  can be r o t a t e d  t o  a v o i d  a l a r g e  
number o f  p o s s i b l e  s y s t e m a t i c  e f f e c t s  ( i n s t r u m e n t a l  
p o l a r i z a t i o n ) .  
S e n s i t i v i t y  c a l c u l a t i o n s  f o r  t h e  i n s t r u m e n t  d e s c r i b e d  above  
f o r  5 t y p i c a l  ( m o d e r a t e )  f l a r e s  are shown i n  T a b l e  I; t h e  f l a r e  
p a r a m e t e r s  were t a k e n  f rom a c t u a l  o b s e r v e d  e v e n t s  (Lemen 1 9 8 1 ) .  
Assumed i n t e g r a t i o n  t i m e s  a r e  10  s i n  each case, c o n s i s t e n t  w i t h  
t h e  f a s t e r  timescales of  i m p u l s i v e  e v e n t s .  N o t e  t h a t  
s e n s i t i v i t i e s  of  a few p e r c e n t  a r e  r o u t i n e l y  a t t a i n e d  up t o  
-100 keV e n e r g i e s .  The  number o f  p h o t o n s  detected as  a f u n c t i o n  
o f  e n e r g y  is shown f o r  these  f l a r e s  i n  F i g u r e s  8a-e .  
- 4 ~ .  
W e  stress t h a t  t h e  a b o v e  d e s i g n  is b a s e d  on l a b o r a t o r y  tests . I  
of  i n d i v i d u a l  modu les ,  on d e t a i l e d  compute r  s i m u l a t i o n s ,  and 
i n c o r p o r a t e s  t h e  h e r i t a g e  of  s e v e r a l  s u c c e s s f u l  r o c k e t  f l i g h t s  a s  
w e l l  as t h a t  of  t h e  OSS-1 e x p e r i m e n t .  The p r o p o s e d  p o l a r i m e t e r  
is w e l l  matched  t o  t h e  o u t s t a n d i n g  q u e s t i o n s  a b o u t  e l e c t r o n  
beaming and s c a t t e r i n g  i n  s o l a r  f l a r e s .  
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I V .  The C o n t a m i n a t i o n  Problem 
As d i s c u s s e d  b y  T r a m i e l ,  Chanan, and Novick (1984), some 
p rob lems  were e x p e r i e n c e d  w i t h  t h e  OSS-1 p o l a r i m e t e r  as t h e  
r e su l t  of  c o n t a m i n a t i o n  of t h e  l i t h i u m  b l o c k s .  A p o s t - f l i g h t  
i n s p e c t i o n  of t h e  e x p e r i m e n t  r e v e a l e d  t h a t  t h e  c o n t a m i n a t i o n  
r e s u l t e d  from damage t o  t h e  outermost of two p l a s t i c  c o a t i n g s  
used  t o  p r o t e c t  t h e  l i t h i u m .  T h i s  damage a p p a r e n t l y  o c c u r r e d  
d u r i n g  t h e  f i n a l  a s s e m b l y  of t h e  i n s t r u m e n t ;  t w o  s p a r e  " w i t n e s s "  
t a r g e t s ,  n o t  i n c o r p o r a t e d  i n t o  t h e  i n s t r u m e n t ,  showed no s u c h  
damage and no d e g r a d a t i o n .  Even though  t h e  i n s t r u m e n t  unde r  
d i s c u s s i o n  h e r e  w i l l  be based on p l a s t i c  s c i n t i l l a t o r  ( and  n o t  
l i t h i u m )  s c a t t e r i n g  t a r g e t s ,  w e  s t i l l  f e l t  t h a t  i t  was e s s e n t i a l  
t o  f i n d  a s o l u t i o n  t o  t h e  l i t h i u m  c o n t a m i n a t i o n  problem and t o  
d e m o n s t r a t e  i t s  e f f e c t i v e n e s s .  Two r e a s o n s  f o r  d o i n g  t h i s  are:  
( i )  A f e w  of  t h e  p l a s t i c  targets i n  t h e  new i n s t r u m e n t  may be 
r e p l a c e d  w i t h  l i t h i u m .  T h i s  would s u b s t a n t i a l l y  e x t e n d  t h e  
bandwid th  of  t h e  i n s t r u m e n t .  Even o n l y  two or three s u c h  t a r g e t s  
would p r o v i d e  good low e n e r g y  s e n s i t i v i t y ,  s i n c e  t h e  low e n e r g y  
f l u x e s  are so h i g h .  ( i i )  There appears t o  be some c h a n c e  t h a t  
t h e  OSS-1 i n s t r u m e n t  may be re- f lown.  
As a r e s u l t  of t h e  STS-3 e x p e r i e n c e ,  s h o r t l y  a f t e r  t h e  
f l i g h t ,  w e  o b t a i n e d  b e r y l l i u m  h o u s i n g s  i n  w h i c h  t h e  l i t h i u m  
-- t a r g e t s  c o u l d  be e n c a s e d  and h e r m e t i c a l l y  sealed (see F i g u r e  
9 ) .  T h e  t h i c k n e s s  o f  t h e  b e r y l l i u m  is a b o u t  4 0  m i l s ,  s m a l l  
enough t o  h a v e  a n e g l i g i b l e  e f f e c t  on t h e  p e r f o r m a n c e  of  t h e  
po lar imeter .  S i n c e  b e r y l l i u m  is v e r y  s t r o n g  s t r u c t u r a l l y  
( c o m n p a r a b l e  t o  s t e e l ) ,  t h e  p o s s i b i l i t y  of  damage d u r i n g  a s s e m b l y  
is  e l i m i n a t e d .  However,  it st i l l  rema ined  for t h e  p r e s e n t  s t u d y  
10 
to demonstrate that we could obtain an airtight seal between the 
container and the stainless steel base of the scattering 
target. We therefore obtained six lithium scattering targets to 
seal in the beryllium cans. Since both lithium oxide and lithium 
nitride are substantially heavier than lithium metal, we were 
able to assess the quality of the seal simply by weighing the 
targets over a long period of time on a sensitive balance. For a 
given contaminant, it is a straightforward matter to calculate 
the systematic polarization caused by a given mass gain, under 
L the worst-case assumption that the contaminant is deposited only 
on one side of the target. [For simplicity we assume a square 
geometry and uniform deposition over the side of the target in 
question.] The results of such a calculation are shown in Table 
11, where we have assumed that the weight gain is due to the 
nitride (identified as the contaminant in OSS-1) and the exact 
geometry of the OSS-1 targets has been assumed. We note that 
quite similar results are obtained if the contaminant is lithium 
oxide. 
From Table 11, a reasonable criterion is that the mass gain 
(per target) not exceed 125 mg; this gives a systematic 
polarization of 1% (comparable to the expected statistical 
errors) at 10 keV, and considerably lower values at higher 
. .?.- energies. Since one would like the targets to last for about a 
year (inclading asseiiibly, prs-flight calibration, flight, and  
post-flight calibration), the weight gain rate should not exceed 
0.34 mg day'l. 
In July 1985 we assembled 3 lithium target/beryllium 
canister assemblies. Two targets, numbers 1 and 3 ,  did not meet 
I .  
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t h e  above  s p e c i f i c a t i o n ,  showing w e i g h t  g a i n  r a t e s  of  1 . 6  
mg day‘l and 3.5 mg day’’ r e s p e c t i v e l y  (see F i g u r e  10a  and c ) .  
However,  t h e  r e m a i n i n g  t a r g e t ,  number 2 ,  was c o n s i d e r a b l y  better 
t h a n  t h e  s p e c i f i c a t i o n ,  showing a nominal  w e i g h t  g a i n  of  o n l y  
0.076 m g  day” ( F i g u r e  l o b ) ;  a t  t h i s  ra te  t h e  t a r g e t s  would l a s t  
f o r  w e l l  o v e r  4 y e a r s .  
V i s u a l  i n s p e c t i o n  of  t a r g e t s  1 and 3 r e a d i l y  showed t h a t  t h e  
p rob lem was d u e  e i t h e r  t o  i n s u f f i c i e n t  t r imming o f  some excess 
l i t h i u m  f rom a r o u n d  t h e  s t a i n l e s s  s teel  base or t o  u s i n g  excess 
g l u e  t o  j o i n  t h e  base t o  t he  h o u s i n g .  The r e s u l t  i n  either case 
was t o  a l l o w  t h e  l i t h i u m  t o  come i n  c o n t a c t  w i t h  t h e  g l u e  and 
a p p a r e n t l y  a s u b s e q u e n t  c h e m i c a l  r e a c t i o n  a f fec ted  t h e  i n t e g r i t y  
o f  t h e  g l u e  j o i n t .  
I n  November of  1985  w e  p r e p a r e d  two a d d i t i o n a l  
t a r g e t / c a n i s t e r  assemblies s i m i l a r  t o  t h e  f i r s t  t h r e e ,  b u t  we 
t o o k  g r e a t e r  care t o  i n s u r e  t h a t  t h e  l i t h i u m  and g l u e  c o u l d  n o t  
c o n t a c t  e a c h  o t h e r .  W e  a l s o  implemented some a d d i t i o n a l  
r e f i n e m e n t s  i n  t h e  a s s e m b l y  t e c h n i q u e ,  i n c l u d i n g  r e p a i r i n g  t h e  
g l o v e  box which p r o v i d e d  t h e  i n e r t  ( a r g o n )  a t m o s p h e r e  i n  which  
t h e  a s s e m b l y  was done .  The t a r g e t s ,  numbers 4 and 5,  a s s e m b l e d  
i n  t h i s  way b o t h  showed exce l len t  s ea l s ,  w i t h  w e i g h t  g a i n s  
c o m p a r a b l e  t o  t h o s e  of t a r g e t  4 - 0.072 mg/day and 0.113 mg/day, 
r e s p e c t i v e l y  (see F i g u r e  lOe,f). We b e l i e v e  t h a t  t h i s  
c o n v i n c i n g l y  d e m o n s t r a t e s  t h a t  w e  h a v e  s o l v e d  t h e  l i t h i u m  
c o n t a m i n a t i o n  p rob lem.  W e  n o t e  t h a t  w e  p l a n  t o  c o n t i n u e  t o  
m o n i t o r  t h e  t a r g e t  w e i g h t s  to d e t e r m i n e  t h e  long- t e rm b e h a v i o r  of  
t h e  seals. 
A t  t h e  same t i m e  as  t a r g e t s  4 and 5 were f a b r i c a t e d ,  w e  
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prepared a sixth target, but in an aluminum housing equipped with 
a vacuum/pressure gauge. The purpose of this was to determine 
whether there was any outgassing from the lithium; if there were, 
then the assembly would in effect be a pressure vessel and this 
could be a concern on future space flights. However, to within 
the accuracy of the gauge 
in pressure over a time base of many months. We believe that 
this demonstrates that such assemblies would not act as pressure 
vessels and that they could therefore be used safely in space. 
Again, we will continue to monitor this target to study its long- 
term behavior. We note that because of the additional weight of 
the pressure gauge, this target would not be weighed on the fine 
range of our scale, and so a sensitive measure of the weight gain 
is not yet available, although it is consistent with zero (see 
Figure 1Of). 
(0.2 lb in-') there has been no change 
In summary we have demonstrated that we have solved the 
lithiuim contamination problem and have in fact prepared several 
targets which are a factor of 4 better than the contaminant 
specification. We have also demonstrated that there is no 
pressure build-up in the sealed target assemblies and that they 
should therefore be safe for use in space. 
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T a b l e  I 
P o l a r i z a t i o n  S e n s i t i v i e s  ( l a )  P r e d i c t e d  f o r  F i v e  T y p i c a l  F l a r e s  
(10 second  o b s e r v a t i o n  t i m e )  
1. Pho ton  f l u x  a t  1 keV = 1.35 x l o 5  p h o t o n s  s-l k e v - l  
Spec t r a l  i n d e x  = 3.34 
C l a s s i f i c a t i o n  = M2 
E n e r g y  Range Po 1 a r  i za  t i o n  
10-20 keV 
20-30 keV 










2.  Pho ton  f l u x  a t  1 keV = 3.60 x l o 7  p h o t o n s  cm-2 s-l k e V 1  
S p e c t r a l  i n d e x  = 4.28 
C l a s s i f i c a t i o n  = X2 






6 0-10 0 keV 







3 .  Pho ton  f l u x  a t  1 keV = 2.61 x l o 7  p h o t o n s  cm-2 keV'I 
S p e c t r a l  i n d e x  = 4.66 
C l a s s i f i c a t i o n  = M 3  







P o l a r  i z a  t i o n  
0.52% 






T a b l e  I ( c o n t i n u e d )  
P o l a r i z a t i o n  S e n s i t i v i e s  ( l a )  P r e d i c t e d  f o r  F i v e  T y p i c a l  Flares 
( 1 0  s econd  o b s e r v a t i o n  t i m e )  
4 .  P h o t o n  f l u x  a t  1 keV = 2.'49 x l o 7  p h o t o n s  
Spec t ra l  i n d e x  = 4.36 
C l a s s i f i c a t i o n  = M3 
s-l keV'l 
E n e r a v  Ranae  
10-20  keV 
20-30 keV 
3 0 - 4 0  keV 
40-50 keV 
50-60 keV 
6 0 - 1 0 0  keV 
P o l a r i z a t i o n  
0 .36% 
0.63% 
1 . 2 0 %  
1 . 9 7 %  
3.03% 
2.87% 
5. Pho ton  f l u x  a t  1 k e V  = 2.30 x l o 5  p h o t o n s  ~ r n - ~  s-l keV-l 
S p e c t r a l  i n d e x  = 3.0 
C l a s s i f i c a t i o n  = M 2  
E n e r g y  Range P o l a r i z a t i o n  
10-20 keV 
20-30  keV 
30-40 keV 
4 0- 50 keV 
5 0 - 6 0  keV 




1 . 5 5 %  
2 .09% 
1 . 7 4 %  
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Table I1 





1 0  




0 .0823 0 . 1 6 5  0 . 3 2 8  
0 . 0 4 6 8  0.0936 0 .187 
0 . 0 1 9 2  0.0384 0 . 0 7 6 9  
0 . 0 0 9 6 1  0 .0192 0.0384 
0.00280 0 . 0 0 5 6 0  0 . 0 1 1 2  
0 .00124  0 .00248  0 . 0 0 4 9 5  




0 . 0 7 6 9  
0.0224 
0.00 9 9 1  
0 . 0 0 3 9 6  
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F i g u r e  C a p t i o n s  
F i g u r e  1: Comparison of t h e  p o l a r i z a t i o n  r e s u l t s  of Tindo ( 1 9 7 6 )  
w i t h  t h e  t h e o r e t i c a l  r e s u l t s  of Bai  and Ramaty ( 1 9 7 8 )  
and of Leach and P e t r o s i a n  ( 1 9 8 3 ) .  Note  t h a t  t h e  
t h e o r e t i c a l  c u r v e s  of  Leach and P e t r o s i a n  a r e  c o n s i d -  
e r a b l y  below t h e  p o l a r i z a t i o n  r e s u l t s  of Tindo.  
F i g u r e  2 :  Comparison of t h e  OSS-1 (STS-3) p o l a r i z a t i o n  r e s u l t s  
w i t h  t h e  c a l c u l a t i o n  of Bai  and Ramaty (1978)  and 
Leach and P e t r o s i a n  ( 1 9 8 3 ) .  No te  t h a t  t h e  STS-3 
r e s u l t s  a re  lower than  a l l  of t h e  t h e o r e t i c a l  
p r e d i c t i o n s .  
F i g u r e  3 :  Comparison of t h e  STS-3 i m p u l s i v e  e v e n t  p o l a r i z a t i o n  
r e s u l t  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  o f  Leach,  E m s l i e ,  
and P e t r o s i a n  ( 1 9 8 5 ) .  See t h e  l a t t e r  p a p e r  f o r  de-  
t a i l s  of t h e  t h r e e  d i f f e r e n t  models  i n d i c a t e d .  
F i g u r e  4 :  B a s i c  h e x a g o n a l  p o l a r i m e t e r  c o n f i g u r a t i o n .  No te  t h a t  
t h e  s c a t t e r i n g  t a r g e t  c o n s i s t s  of an  a c t i v e  s c i n t i l l a -  
t o r  which p r o d u c e s  a l i g h t  p u l s e  when a Compton 
s c a t t e r i n g  e v e n t  t a k e s  p l a c e  i n  t h e  t a r g e t .  The 
s c a t t e r e d  p h o t o n  is r e c o r d e d  by  o n e  of t h e  s i x  
NaI (Ti) d e t e c t o r s  t h a t  s u r r o u n d  t h e  t a r g e t .  
F i g u r e  5: Assembly of t h e  s c i n t i l l a t i o n  t a r g e t s  and s u r r o u n d i n g  
NaI ( T I )  d e t e c t o r s .  
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F i g u r e  6 :  
F i g u r e  7: 
c o m p l e t e  s o l a r  f l a r e  p o l a r i m e t e r  c o n s i s t i n g  of  37 
s c i n t i l l a t o r  t a r g e t s  and s u r r o u n d i n g  NaI (TI) detec-  
t o r s .  T h e  e n t i r e  a s sembly  can  be r o t a t e d  a t  20 rpm t o  
avo  i d  s y s t e m a t i c  e f f e c t s .  
Pho ton  c o l l e c t i o n  e f f i c i e n c y  f o r  t h e  p l a s t i c  t a r g e t /  
NaI (TI) d e t e c t o r  p o l a r i m e t e r .  
F i g u r e  8 a-e: Number of p h o t o n s  p e r  k e V  c o l l e c t e d  i n  1 0 s  f o r  t h e  
5 f l a r e s  c o n s i d e r e d  i n  Tab le  I.  T h e  f l a r e  
n o r m a l i z a t i o n  is A and t h e  s p e c t r a l  i n d e x  is a .  
( S e e  T a b l e  I ) .  
F i g u r e  9: B e r y l l i u m  h o u s i n g  f o r  l i t h i u m  t a r g e t s .  
F i g u r e  1 0  a-f :  Mass of  l i t h i u m  t a r g e t  assemblies a s  a f u n c t i o n  
o f  t i m e .  T a r g e t s  1 and 3 a r e  o u t  of  s p e c i f i c a t i o n  f o r  
t h e  r e a s o n  d i s c u s s e d  i n  t h e  t e x t .  T a r g e t s  2 ,  4, and 5 
a r e  a l l  c o n s i d e r a b l y  b e t t e r  t h a n  c o n t a m i n a n t  s p e c i -  
f i c a t i o n .  T a r g e t  6 is e q u i p p e d  w i t h  a p r e s s u r e  g a u g e  
which  p reven t - s  i ts  b e i n g  weighed w i t n  tne same 
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